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Simulation of Glacier Mass and Energy Balance within a Regional Climate Model
Sven Kotlarski1, Daniela Jacob1, Frank Paul2
1Max Planck Institute for Meteorology, Hamburg, Germany 
2Department of Geography, University of Zurich, Switzerland
Due to their unique surface characteristics and their function as hydrological reservoirs, glaciers play an important 
role for water and energy budgets in many alpine areas. 
Regional climate models (RCMs) are an important tool in the 
analysis of the corresponding water and energy cycles and 
for the prediction of future changes in the individual compo-
nents. In contrast to general circulation models (GCMs) the 
model domain of an RCM does not cover the entire globe 
but is typically restricted to some hundred to some thousand 
kilometres in x- and y-direction. This allows for the long-
term simulation of regional climatic processes with a high 
horizontal resolution at comparatively low computational 
costs (current resolutions range from about 10 to 50 km). At 
the lateral domain boundaries, RCMs are driven by the output 
of a GCM or by global re-analysis products.
In mountainous terrain high resolution is especially important 
to resolve small-scale atmospheric processes, for instance 
those affected by orography or by details of the land sur-
face. In many alpine areas the latter includes the presence of 
glaciers. However, mountain glaciers are only represented in 
an extremely simplified way—or even totally neglected—in 
state-of-the-art RCMs. Their size is usually far smaller than 
grid box resolution and only the largest glaciers are treated 
as fixed surface boundary conditions with runoff generation 
on glaciated surfaces being highly simplified. The simulation 
of a possible feedback of changes in ice cover extent to the 
atmosphere and of the influence of enhanced glacier melt on 
runoff conditions is therefore not possible. 
To overcome these deficiencies and to represent processes 
related to mountain glaciers in an appropriate way, a glacier 
parameterization on the subgrid level has been developed 
and implemented into the RCM REMO (Jacob, 2001). The 
new scheme is embedded in the land surface model of the 
RCM and replaces the static glacier mask used previously. It 
bi-directionally couples the atmospheric model component 
to glaciated surfaces and allows for an explicit simulation 
of glacier mass and energy balance in each RCM grid box. 
Given the size of typical RCM domains, the new parameteri-
zation must be applicable on the scale of entire mountain 
ranges (e.g., the European Alps) and, hence, should only 
require a minimum amount of glacier-specific input data. At 
the same time it should be based on physical principles in 
order to ensure its predictive capability and its validity under 
future climatic conditions. Following these requirements a 
rather simplistic approach has been chosen in which the total 
ice mass within a climate model grid box is represented by a 
two-layer ice body covering a certain fraction of the total grid 
box area (see Figure, upper panel). Surface fluxes are derived 
separately for glaciated and non-glaciated parts. The glaciated 
fraction of an individual grid box is adjusting dynamically 
depending on accumulation and ablation conditions. Surface 
runoff and drainage originating from the glacier fraction are 
Upper panel: Simplified treatment of glacier surfaces in REMO’s land surface model based on a dynamic tile approach. Example for a grid box covered by  
non-glaciated land (45%), glacier ice (15%), water (30%) and sea ice (10%).
Lower panel: Mean specific mass balance for the entire European Alps for the period 1958 to 2003 as simulated by REMO and as compiled by Dyurgerov & 
Meier (2005) and Frauenfelder et al. (2005).
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added to total grid box runoff which finally closes the grid 
box water balance. The subgrid variability of precipitation 
and of global radiation within each RCM grid box is explicitly 
accounted for. In order to assess the effect of changing ice 
volumes on river discharge in glaciated catchments, a hydro-
logical routing scheme is coupled to REMO in an offline 
mode.
The new parameterization scheme has been developed and 
validated in the area of the European Alps applying a hori-
zontal RCM resolution of approximately 18 km x 18 km. 
The illustration shows a comparison between the simulated 
alpine-wide glacier mass balances for the period 1958-2003 
(REMO) with recent estimates by Dyurgerov & Meier (2005) 
and Frauenfelder et al. (2005), both based on mean values of 
measured mass balances at individual glaciers. In a number 
of years, the simulated values almost match the observation-
based estimates and the observed inter-annual variability of 
glacier mass balance is, in general, very well reproduced by 
the model. The strong glacier mass loss towards the end of 
the century is, however, clearly underestimated. We believe 
that this deficiency is mainly related to a) an overestimation 
of precipitation in the 1970s and 1980s as simulated by the 
atmospheric component of the RCM and b) the simplifying 
assumption of a uniform glacier surface in each REMO grid 
box which is either totally snow-free or totally covered by a 
snow layer. The simulated glacier area loss in the Alps between 
1958 and 2003 is 23.6 % which is less than estimates based 
on glacier inventory data (about 30 %).
A further interesting point from the climate modelling 
perspective is to investigate the influence of glaciers on the 
regional climate (the full feedback loop is closed as the new 
parameterization scheme is coupled in a two-way mode to the 
RCM). In the chosen model setup the effect of the new sub-
grid parameterization on atmospheric parameters is generally 
restricted to the lower troposphere and to glaciated grid boxes 
and those in the direct vicinity. The large scale flow condi-
tions are not affected significantly. In glaciated grid cells the 
incorporation of the glacier scheme into REMO causes a low-
ering of the near surface air temperature by several degrees 
Celsius and a less intense local recycling of water by reduc-
ing both precipitation and evapotranspiration. These effects 
are most pronounced in summer and autumn.
The results indicate that it is possible to approximately 
reproduce observed regional glacier mass balances within an 
RCM based on extremely simple concepts of glacier-climate 
interaction. However, it is also clear that realistic results can 
only be achieved if the subgrid variability of atmospheric 
parameters within a climate model grid box is explicitly ac-
counted for (model results are very sensitive to the applied 
subgrid concepts). This point has to be investigated in more 
detail in the future, hopefully leading to improved subgrid 
parameterization concepts (area-altitude distribution within 
an RCM grid box, etc.). A further investigation will focus on 
the influence of glacier melt on discharge characteristics. The 
new model will now be applied in climate scenario simula-
tions for the European Alps.
A full description of the new parameterization scheme as well 
as more details on model results can be found in Kotlarski 
(2007).
References:
Dyurgerov, M. and M. Meier. 2005. Glaciers and the changing earth system: 
A 2004 snapshot. Occasional Paper 58. Institute of Arctic and Alpine 
Research, University of Colorado.
Frauenfelder, R., M. Zemp, W. Haeberli and M. Hoelzle. 2005. Worldwide 
glacier mass balance measurements: Trends and first results of an 
extraordinary year in Central Europe. Ice and Climate News. The WCRP 
Climate and Cryosphere Newsletter, (6), 9-10.
Jacob, D. 2001. A note to the simulation of the annual and inter-annual vari-
ability of the water budget over the Baltic Sea drainage basin. Meteorol-
ogy and Atmospheric Physics, 77, 61-73.
Kotlarski, S. 2007. A subgrid glacier parameterization for use in regional 
climate modelling. PhD Thesis. Reports on Earth System Science No. 42. 
Max Planck Institute for Meteorology, Hamburg. Downloadable from: 
http://www.mpimet.mpg.de/fileadmin/publikationen/Reports/WEB_BzE_42.pdf.
News from Glaciers-online
"Glaciers-online" has recently added a new section to 
their website which may provide useful information for 
educational purposes. This new page shows imagery of  
Arctic islands with brief descriptions focusing on glaciology 
and other aspects of the natural history of the Canadian 
Arctic, Greenland, and Svalbard.  
<www.glaciers-online.net/arctic-islands/>.
The site's Alpine glacier section has been developed 
further to include more images. For instance, repeat pho-
tography  of the Stegletscher and the Triftgletscher that 
illustrates their dramatic recession over the last five years. 
<www.glaciers-online.net/glaciers/alps/>.
Contacts: Michael Hambrey (mjh@aber.ac.uk) and 
Juerg Alean (jalean@stromboli.net).
